Chemical transitions after atmospheric pressure plasma irradiation were investigated by evaluating intermolecular attractions and atomic and molecular reactions. Gold, titanium and stainless-steel alloy samples were ground with #800 grit SiC waterproof paper and nitrogen gas atmospheric plasma irradiation was conducted. The surface free energies of the treated alloys were calculated and compared statistically. X-ray photoelectron spectroscopy analysis was performed.The surface free energies of all metal surfaces treated by plasma irradiation were 1.5-times higher than those of the untreated metals. The energy of the hydrogen bonding component increased, and all alloy surfaces were coated with metal oxide after only a short period of plasma irradiation. The surfaces oxidized by plasma exhibited a high active energy, mainly due to an increase in the hydrogen bonding component. Reactions with oxygen in the air were promoted on the clean surfaces with exposed reactive elements.
INTRODUCTION
Surface molecular attraction is an important property of substances. Marshall et al. 1) found that cohesion between similar molecules/atoms affects intermolecular attractions, and Combe et al. 2) stated that knowledge of the reactivity or energy of surfaces, and in particular their interaction with fluids, was very important. Assessment of surface energy has been used to analyze the surface properties of medical biomaterials; such as intraocular lenses 3) , drug tablets 4) and orthopedic implants 5) , and also to analyze cell adhesion to dental implants 6) , resin adhesion to tooth crown restorations 7) and dentures 2, 8) , as well as tooth substance adhesion to enamel 9) and dentin 10) . The occurrence of surface bonds can be investigated by analyzing transitions of surface energy.
Atmospheric pressure plasmas have been adopted for surface treatments, such as cleaning, etching and deposition of thin surface layers 11) and, recently, the use of plasma has attracted attention as a novel method for deactivating bacteria on the surface of fresh foods and medical devices 12) . In dentistry, plasmas have been applied to adhesion of a polymethyl methacrylate (PMMA)-based resin block 13) , and that of resin composites to tooth substances 11) , titanium (Ti) and zirconia 14, 15) for tooth restorations and implants. It has been reported that the essential modification induced by plasma irradiation is a change in the surface property from hydrophobic to hydrophilic 16) . Duske et al. stated that biocompatibility, such as cell spreading onto surfaces, was improved after plasma irradiation due to enhanced hydrophilic characteristics 17) , and several studies have reported enhancement of the bond strength of resin composites. Kim et al. 11) reported that the microtensile bond strength to a plasma-irradiated surface was approximately double that to a non-irradiated surface. However, although the effects of plasma treatments have been evaluated, there have been few studies investigating the underlying mechanism. An understanding of changes in molecular attraction over time is essential and, in addition, if a plasma-irradiated surface acquires hydrophilicity, an oxide layer may be formed. It is therefore important to investigate how plasma influences intermolecular attractions in relation to dispersion and polar forces, and oxidation in relation to hydrophilicity. The purpose of this study was to analyze chemical transitions on the surface of dental alloys irradiated by atmospheric plasma by investigating intermolecular attraction at the surface, and to evaluate the atomic and molecular reactions during the initial irradiation phase. 
MATERIALS AND METHODS

Samples preparation
Gold (Au) alloy, Ti alloy and stainless steel (SS304) were used as samples ( Table 1 ). The samples were cleaned with acetone, ethanol and deionized water using ultrasound equipment after grinding with #800 grit SiC waterproof paper, then dried and stored at room temperature for at least 3 days.
Plasma irradiation
Atmospheric pressure plasma irradiation (API) was conducted on each metal sample using a plasma machine (PCT-DFJM-02, Plasma Concept, Tokyo, Japan) at room temperature. The distance from the exhaust nozzle to the sample was 3 mm and the exhaust nitrogen (N) gas flow rate was 6 L/min. Irradiation times were 1, 3 or 10 s for surface free energy (SFE) calculations and 10 s for X-ray photoelectron spectroscopy (XPS) analysis.
Contact angle measurements and SFE calculations
For contact angle measurements, 2.0-μL drops of three liquids (water, 1-bromonaphthalen, and diiodomethane) with known properties were applied to the surface of each of the alloy samples ( Table 2) . We decided each sample size (n=6) with calculation module (Open epi, http://www.openepi.com/Menu/OE_Menu.ht) under the condition of 95% confidence interval and 90% power. The contact angle (θ), was measured from drop images using image analysis software (ImageJ, NIH, Bethesda, ML), and the SFE was obtained by the following equations 7) . The Young-Dupré equation:
The extended Fowkes equation:
where γS d (dispersion force), γS p (polar force) and γS h (hydrogen bond) are components of the SFE of a solid (γS). Known parameters were assigned in the two equations and the values of SFE compared between irradiated and non-irradiated alloy surfaces.
X-ray photoelectron spectroscopic analysis
The XPS analysis was performed using an electron spectrometer (JPS-9010MC, JEOL, Tokyo, Japan). The vacuum during spectra acquisition was less than 2.3×10 −7 Pa. All binding energies given in this study are relative to the Fermi level, and all spectra were excited by magnesium (Mg) Kα (1,253.6 eV) or aluminum (Al) Kα (1,486.6 eV) radiations (voltage and current of X-ray sources were 10 kV and 10 mA, respectively). The spectrometer (pass energy, 20 eV) was calibrated against Au 4f7/2, Ag 3d5/2, and Cu 2p3/2 with pure Au, silver (Ag), and copper (Cu), respectively. The binding energies at the peaks observed in the photoelectron spectra were further corrected using the value of the energy of the C 1s level (285.0 eV) of contaminant hydrocarbon.
Statistical analysis
Descriptive statistics, including the mean and standard deviation, were calculated for all SFE values. The Kolmogorov-Smirnov and Levene tests were applied to verify the normality of the data distribution and the homogeneity of variance, and the Games-Howell test was used to identify significant differences between metals treated with API and untreated samples. Table 3 shows the SFEs calculated for each plasma irradiation time. The SFEs of all metal surfaces after plasma irradiation were ca. 1.5-times higher than those of the untreated metal. Compared to the non- irradiated samples of each metal, the energies of the hydrogen bonding component generally increased after plasma irradiation. The SFEs in all metal alloy samples increased significantly to around 70 to 75 mN/m after plasma irradiation compared to the non-irradiated samples. Figure 1 shows the binding energies of the metallic elements in the Au alloy. For Au Af5/2 and Au 4f7/2, the Au component exhibited no change in peak intensity. For O 2p3/2, the OH − and O 2− peaks increased significantly after API. Compared to Cu2p3/2, the Cu peak exhibited a shift to a higher binding energy due to the formation of Cu oxide consisting of monovalent and divalent Cu after API. Satellite peaks indicating the formation of Cu oxide were also observed. In the case of Ag, binding energy of Ag3d5/2 did not show clear difference, however, kinetic energy of M 4VV Auger electron apparently decreased after API. This indicates that the degree of oxidation of Ag was promoted by API: from metallic Ag to monovalent Ag, and/or monovalent Ag to divalent Ag. Compared to C2p3/2 and N2p3/2, decreases in both the C and N peaks were observed. Figure 2 shows the binding energies of the metallic elements in the Ti alloy. There was a slight increase in the Ti 2p3/2 peak due to quadrivalent Ti. For O, the O 2− peak increased after API. For Al, the Al oxide peak consisting of different trivalent Al components increased and shifted to a higher binding energy. For C2p3/2 and N2p3/2, peaks, decreases in both the C and N peaks were observed, similar to the effect observed for the Au alloy. Vanadium (V 2p3/2 peak) which is one of the constituent elements was not detected in the measured surface layer. Figure 3 shows the binding energies of the metallic elements in the SS304 alloy. For Fe 2p3/2, the iron (Fe) metal peak decreased and that of Fe oxides consisting of divalent Fe and trivalent Fe shifted to the high energy side after API. For O, the O 2− peak increased after API. The nickel (Ni) metal peak decreased and its oxide shifted to a higher energy after API. For chromium (Cr), although the Cr metal peak decreased, the oxide peak composed of divalent Cr and trivalent Cr increased slightly. For C2p3/2 and N2p3/2, decreases in the C and N peaks were observed in common with the Au and Ti alloys.
RESULTS
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DISCUSSION
Significant increases in SFEs due to an increase in hydrogen bonding were observed after an extremely short period of API treatment, and oxidation layers were also constructed on the surfaces of metals treated by API. Surfaces oxidized by API therefore exhibit a high active energy, mainly due to an increase in hydrogen bonding, after reaction with a liquid. A study of ultraviolet functionalization using Ti reported that the contact angle of H 2O on Ti decreased significantly and near surfaces were fully oxidized to form stoichiometric TiO 2 thin layers 18) . For atmospheric pressure plasma treatment with Ar/O2 gas, Silva et al. 14) calculated SFEs and atomic percentages of oxygen (O) and carbon (C) by XPS analysis using pure Ti and zirconia polycrystals, and found significant increases in SFEs and changes to O and C, with SFEs reaching 60 to 70 mN/m after 5 s of irradiation. In this study, significant increases in SFEs were observed after only 1 s of API treatment; therefore, immediate improvements in SFEs in the alloys used in this study are likely to be achieved using API due to instantaneous oxidation and generation of other reactions. In addition, dispersion and polar forces in Au and Ti alloys were tend to increase slightly at irradiation times of 1 to 3 s and these energies were maintained during further irradiation. However, polar force in SS304 was tend to increase at those times of 0 and 1 s and to decrease at the times of 3 and 10 s. It may be because the measurement errors at 0 and 1 s were slightly larger. Atmospheric pressure plasma can ionize any gas, and the ionized gas can be irradiated to any target. N gas was used in this study, and was expected to have a high reactivity due to its high electronegativity. However, in the XPS analysis, a clear oxidation reaction was generated in some metals, but N was removed from irradiated surfaces by API. Regarding the production of reactive species by N plasma, it appears that atomic N and water generate OH radicals 12, 19) , and singlet O is generated secondarily 12, 20) . When O-containing hydrocarbons covering TiO2 surfaces are removed by UV light treatment, Ti 4+ sites are exposed, which may promote interaction with such cationic sites 18) . In this study, it was confirmed that oxidation occurred alongside a decrease in C because the irradiated surfaces reacted with O from the air, which has higher reactivity than N, after irradiation with ionized N gas. Therefore, it is likely that the instantaneous increases in SFEs after API were influenced by the electric charge due to the increase in O 2− and metal exposure, in turn due to the decrease in C and N compounds.
The surfaces of dental alloys, such as Au alloy for crown restorations, Ti alloy for dental implants and stainless steel for orthodontic wires and brackets, were investigated. The Au alloy used in this study consisted of Au, Ag, Cu, platinum (Pt), palladium (Pd), iridium (Ir) and zinc (Zn) ( Table 1 ). In particular, although Au was the main component of the alloy, the main peak (3d5/2) of Pd overlapped with the Au 4d5/2 peak, that of Pd 4s1/2 overlapped with that of Au 4f5/2, and the main peak (4f7/2) of Pt overlapped with the Au 5p1/2 peak. Therefore, the Pd and Pt atoms, both secondary components, could not be analyzed.
For the Cu 2p3/2 peak, a separate peak around 932.4 eV was observed where the mixing of Cu metal and Cu 2O was decreased by API. However, the separate Cu oxide peak around 933.6 eV shifted to the higher energy side and increased in size after API. Since satellite peaks of bivalent Cu (CuO) were observed, the peak around 932.4 eV appeared to decrease due to Cu transitions to a stronger reactive state after API and thickening of the oxidation layer. For Ag, since the oxidation reaction could not be analyzed using the Ag 3d5/2 peak due to the overlap between Ag metal and Ag oxides, such as univalent and divalent Ag, the Ag auger peak (M 4VV) was analyzed (Fig. 1E) . As a result, the Ag oxide peak height appeared to decrease after API. However, since this peak shifted to a lower energy, the amount of divalent Ag, which has a stronger reactivity, increases with API.
For the O in Au alloy, although the 1s1/2 peak is around 531 eV, this overlaps with the Pd 3p3/2 peak. The Pd 3p1/2 peak, with a height approximately two-thirds that of the Pd 3p3/2 peak, should also appear around 559 eV if the Pd peak is strongly expressed 21) ; however, this was not observed here ( Fig. 1B) . It is therefore likely that the Pd 3p3/2 peak did not affect the O 1s1/2 peak. As a result, the OH − separated peak occupying a large proportion of the O 1s1/2 peak was observed after API, in contrast with the other metals.
For all metals, a decrease and shift in the individual metal peaks was observed after API. In addition, a decrease in C and N atoms was observed across the samples. Contaminants composed of C and N compounds are removed from irradiated surfaces, and interactions with O in the air are promoted on these clean surfaces with exposed reactive elements. As a result, metal atoms on surface layers were coated with metal oxides after API.
